Abstract. A frequency-domain distributed temperature/strain sensor based on a longitudinally graded optical fiber (LGF) is proposed and evaluated. In an LGF, the Brillouin scattering frequency, ν B , changes (i.e., is chirped) lengthwise monotonically and thus every position along the fiber has a unique ν B . Any change locally (at some position) in the fiber environment will result in a measurable change in the shape of the Brillouin gain spectrum (BGS) near the frequency component mapped to that position. This is demonstrated via measurements and modeling for an LGF with local heating. The LGF is one with ∼100 MHz Brillouin frequency gradient over 16.7 m, with 1.1 and 1.7 m segments heated up to 40 K above ambient. A measurement of the BGS can enable the determination of a thermal (or strain) distribution along a sensor fiber, thus rendering the system one that is in the frequency domain. A sensitivity analysis is also presented for both coherent and pump-probe BGS measurement schemes. The modeling results suggest that the frequency-domain systems based on fibers with a chirped Brillouin frequency are highly suited as inexpensive event sensors (alarms) and have the potential to reach submeter position determination with sub-1-K temperature accuracies at >1 kHz sampling rates. 
Introduction
The Brillouin scattering frequency, ν B , is related to the optical wavelength, λ o , and the acoustic velocity, V, by ν B ¼ 2Vn mode ∕λ o . It is well known that both the acoustic velocity and the refractive index of a glass usually are functions of its thermomechanical environment; i.e., temperature and any applied stress or strain to the material. The word "usually" is used as a qualifier because it is possible to realize multicomponent materials of which physical properties, such as the refractive index, are immune to temperature or strain/stress. [1] [2] [3] [4] However, in conventional pure silica or GeO 2 -doped silica core optical fibers, the Brillouin scattering frequency is dependent on both the temperature and strain, with the usual dependence being an increasing frequency with increasing temperature or strain. 5 Since the temperature and strain dependencies of the Brillouin frequency (typically ∼1.2 MHz∕K 6 and 500 MHz∕%, 7 respectively, near 1550 nm for conventional fiber 5 ) are not insignificant, it is natural that this phenomenon has been adapted for use in distributed sensor technologies, [8] [9] [10] [11] with very impressive results. High-sensitivity and resolution measurement schemes and configurations have been demonstrated, [12] [13] [14] [15] [16] [17] [18] [19] [20] and a commercial market exists for such distributed sensing systems. Resolution is defined in this context to be the ability to resolve two events that are in close proximity to each other, or alternatively, to resolve a certain temperature or strain change within a given range in the sensor fiber.
Sensitivity is, then, the minimum detectable change in temperature or strain. In recent years, there has been a significant push toward the achievement of remarkable spatial and thermal/strain resolutions (reviews may be found in Ref. 21 and 22) . However, in many applications, sub-centimeter measurement resolutions (or rather spatial resolutions of order ≪10 −4 of the total sensor length) are not necessary, and instead robustness, simplicity, fast sampling times, and low cost are primary concerns. Examples of such cases might be fire detection in buildings, tunnels, etc., 23 leak detection, 24 machines, 25 and perimeter security (or intrusion sensing), 26 to name a few. Such Brillouin systems are labeled as "distributed" because they are capable of correlating a lengthwise thermal or strain distribution in a deployed sensor fiber. In a way fully analogous to a light detection and ranging (LIDAR) system, time-domain measurements are achieved by launching a pulse of narrow linewidth light into a fiber and receiving time-gated returns corresponding to Brillouin scattering or gain from known positions along the fiber. Thus, these systems are commonly referred to as Brillouin optical time-domain reflectometry or analyzer systems, 14, 27 respectively. Some work has been done in the frequency domain (i.e., Brillouin frequency-domain systems 28, 29 as well as non-Brillouin configurations 30 ), with promising and impressive results, but Brillouin frequency-domain systems are far rarer than their time-domain counterparts.
Continuing with the LIDAR analogy, typical atmospheric systems are sometimes employed to measure weather conditions, such as temperature or wind speeds. 31 They rely on atmospheric scattering phenomena, such as Rayleigh scattering 32 or resonance fluorescence, 33 as a probe from which atmospheric attributes may be determined. With a LIDAR system, one is limited to designing optical systems based on the whims of Mother Nature. One would be hardpressed to design and implement a custom atmospheric column that would lead to a more sensitive probe of the environment.
While many systems utilize conventional optical fiber in distributed sensing applications, this is tantamount to submitting to Mother Nature's whim, and there is nothing necessarily precluding the design of a more ideal optical fiber that can serve to improve the sensitivity or to enhance the capabilities of a Brillouin-based distributed sensor. For example, acoustic waveguide designs can be implemented that give rise to multiple Brillouin frequencies being present in a single fiber such that simultaneous measurements of temperature or strain can be made 34, 35 with a single sensor fiber. More recently, it was proposed that designer materials can be engineered for which Brillouin frequencies are immune to temperature 36 or strain. 37 One may even envision the possibility of a material with enhanced Brillouin gain.
Also recently, a novel way of fabricating a fiber, for which material composition is lengthwise graded (longitudinally graded fiber, or LGF), was proposed and experimentally demonstrated. 38 Briefly, a core slug is drilled from a graded-index (core) fiber preform, sleeved, and then drawn into an LGF. One purpose of such a fiber is to broaden the Brillouin spectrum in order to suppress stimulated Brillouin scattering (SBS), among a number of other applications. 38 While SBS suppression appears to be a highly promising application for this technology, another very interesting application is distributed sensing in the frequency domain. In a traditional time-domain system, the Brillouin gain spectrum (BGS) of a sensor fiber is typically uniform along a length of fiber. Changes in the value of ν B lead to measurements of the local temperature or strain, and thus intuitively it can be reasoned that the narrower the BGS, the more sensitive the measurement. In an LGF, however, since ν B [or more accurately ν B ðzÞ] is changing (i.e., chirped) lengthwise monotonically, then every position on the fiber has a unique ν B with which it is associated. If such a fiber is deployed in a sensor network, then, any change locally in the fiber environment will result in a measurable change in the measured BGS.
More specifically, the measured BGS will be broadened from the intrinsic (nonLGF) BGS, which is a Lorentzian function, due to ν B ðzÞ, which also includes any associated thermal or strain distribution along the fiber. The reverse, then, is also true: a measurement of the BGS gives rise to a measurement of ν B ðzÞ. If this distribution is known for the "unperturbed" (e.g., room temperature and zero strain) fiber, then the change in ν B ðzÞ from its unperturbed state gives rise to a distributed measurement of temperature/strain. This is interesting since now a continuous wave (CW) measurement of the BGS, rather than time-gated returns of a pulse, affords a measurement of the environmental distribution of the fiber, that is, a frequency-domain system.
In this paper, the feasibility of such a frequency-domain Brillouin-based distributed sensor is investigated. The paper has three parts. First, the BGS of an LGF is modeled, including the effect of a local environmental event. Thermal effects are utilized as a convenient example, where it is shown that a measureable change in the BGS is the result of a change in lengthwise temperature distribution. The corollary case for strain or simultaneously both temperature and strain is straightforward although not exemplified herein. Second, utilizing the LGF optical fiber from Evert et al., 38 the model and the measurable change in the BGS are validated experimentally. Finally, a sensitivity analysis is presented to estimate the signal-to-noise ratio (SNR) and resolution of such a system. Both pump-probe and coherent-detection schemes for measuring the BGS are investigated. Modeling results suggest that the frequency-domain systems based on fibers with a chirped Brillouin frequency have a significant potential for event sensors (such as alarm systems) with rapid measurement times.
Modeling the Spectrum
It is well known that the BGS of a uniform optical fiber is expressed as a Lorentzian function of the frequency ν using the form
where ν B is the central frequency and Δν B is the Brillouin spectral width (full width at half maximum). The central frequency is determined from a combination of the Bragg condition and the acoustic velocity, V a , via ν B ¼ 2n m V a ∕λ o with λ o being the vacuum optical wavelength and n m being the effective modal index as noted in the Introduction. In Eq.
(1), g B0 is the peak Brillouin gain coefficient, which is a function of V a , Δν B , n, mass density, and the photoelastic constant (Pockels' coefficient) of the material through which the light is propagating. For LGFs, the central frequency becomes a function of distance, i.e., ν B → ν B ðzÞ. For fibers with a lengthwise uniform refractive index difference, this means that V a → V a ðzÞ due to the compositional variation. In addition to the acoustic velocity, since Δν B is proportional to the square of the central frequency [Eq. (1)], and the central frequency is a function of distance, Δν B is also a function of position along the fiber, z. Hence, g B0 also is a function of z courtesy of V a ðzÞ and Δν B ðzÞ.
The simplest configuration of the BGS is a linear dependence of central frequency with distance, z, along the fiber such that ν B → ν B -Cz, where C is a constant. In this case, the Brillouin spectrum is spread approximately uniformly across all available acoustic frequencies, thereby flattening the effective BGS. In order to compute the measured BGS from such a structure, one assumes, to first order, that only the central frequency is z-dependent (i.e., the z-dependence of the other parameters such as the photoelastic constant and Brillouin spectral width is negligible) and that the fiber is optically lossless. Then, with the assumption that Eq. (1) represents the local BGS in the LGF, integration over all z (for a fiber of length L) is performed in order to obtain for the measured BGS that
Next, assumed here is a starting central frequency (i.e., at one end) of 11 GHz and intrinsic Brillouin spectral width of 30 MHz to approximately match the measured characteristics of the SMF-28 fiber 39 that is used for comparison. The fiber length, L, is assumed to be 1000 m with the additional assumption that the fiber has a linearly distributed total frequency breadth of 1 GHz (a path toward such a fiber using GeO 2 and F co-doping is outlined in Evert et al. 38 ), then C ¼ 1 MHz∕m. It is noted that the value of C is a design parameter that can be controlled in the fiber fabrication process. Equation (2) has been normalized so that the total integrated Brillouin gain with respect to ν is conserved between the uniform and longitudinally graded fibers 38, 40 and that the maximum Brillouin gain in a uniform fiber is about 2.5 × 10 −11 m∕W. 39 Using these values in Eq. (2), Fig. 1 computes the BGS for a lengthwise un-chirped and chirped Brillouin frequencies. A clear disadvantage to the use of the LGF in the Brillouin sensing application is the considerable reduction in the Brillouin gain and the "specialty" nature introducing a level of greater fabrication complexity, at least currently, over conventional telecom-grade fiber. However, it is expected that as LGF technology matures, fabrication of such fibers will become much more routine.
In the LGF, a change in temperature or strain at some position along the fiber will result in a change in the local ν B . Usually, as with GeO 2 -doped silica fibers, an increase in strain or temperature will cause an increase in ν B . What, then, happens in either of these two cases is intuitive: in some region of the BGS, corresponding to some position along the fiber, ν B will shift to a larger value, leaving a spectral dip and a peak at higher frequency where the shifted spectral slice contributes to spectral slices from other positions on the fiber.
Modeling the system constitutes replacing the ν B ðzÞ ¼ ν B -Cz with a new, more appropriate function. For the example, presented here, it will be assumed that any local heating event along the sensor fiber will be Gaussian distributed with some linewidth (spatial extent). Therefore, the new lengthwise frequency distribution in the fiber can be written as
where ΔT is the change in temperature, C T is the thermal coefficient of the Brillouin frequency shift (MHz∕K), and ΔL limits the range over which the fiber is being heated. Equation (3) is substituted into Eq. (1) While the example presented here is that of heating, similar results are obtained for the strain where Eq. (3) would change, so that ΔT → ε (strain) and C T → C ε (strain coefficient in units of MHz/elongation).
First, changing the position of the environmental event simply shifts the position of the spectral "anomaly." This is illustrated in Fig. 2(a) , in which the BGS is recalculated for the ΔT ¼ 30 K case, but with L 0 now equal to 750 m. Second, since the intrinsic Brillouin spectrum has a width of about 30 MHz locally along the fiber, a reduction in ΔL causes the amplitude or strength of the change in the BGS to reduce since a narrower sliver of spectrum is being shifted. In order to demonstrate this, the calculation shown in Fig. 2 (b) is repeated for ΔL ¼ 2 m, and the result is shown in Fig. 3 . Thus, it is clear that as the spatial resolution (or the distance over which the event takes place) is increased, the sensitivity of the measurement of the fiber environment is reduced. A sensitivity analysis is presented in a subsequent section. 
Validation of the Model and Proof-of-Concept
The LGF fiber described previously in Evert et al. 38 is utilized in the following set of measurements and modeling calculations. This fiber, due to its acoustically guiding nature, 41 exhibits multiple acoustic modes in its BGS. However, the higher order acoustic modes will be neglected, and a focus will be made on the fundamental (lowest frequency) acoustic mode since it is also the strongest. The measurement apparatus employed is identical to that in Dragic, 42 and therefore it will not be described in detail here. However, in short, it is a heterodyne system wherein a pump signal is launched into a test fiber, generating spontaneous Brillouin scattering. Said signal is optically amplified and mixed with the pump using a fast lightwave receiver, and the resulting beat spectrum is recorded with an electrical spectrum analyzer. The measured BGS for the (F þ GeO 2 co-doped silica core)
LGF of this study is shown in Fig. 4 . The spectrum is not flat, and thus the lengthwise distribution of Brillouin frequencies is not linear. A fit was, therefore, performed to determine an approximate distribution. The distribution that gave the best fit to the BGS was determined to be (1) and integrating over z gives the simulated BGS provided in Fig. 4 (as the dashed line). There is excellent agreement between the measured and modeled BGS, affording considerable confidence in the results and analysis that follows.
Conceptually, heating and straining the fiber give rise to essentially identical changes to the BGS. However, since heating a small segment of the 16.7-m fiber was far easier to implement than applying strain, heating experiments were performed and treated here. Heating a fiber was accomplished by placing a segment of test fiber into a well-controlled heated water bath. This type of thermal distribution is more like a uniform function over some range ΔL. Thus, the thermal distribution denoted in Eq. (3) is modified from possessing a simple Gaussian function to possessing a super-Gaussian function. Therefore, the modified final distribution of frequencies for the LGF is given by
As stated before, Eq. (5) is substituted into Eq. (1) and the result is integrated over z to yield a calculation of the BGS as a function of temperature. For the first example, L 0 ¼ 9.7 m and ΔL ¼ 1.13 m, with the Brillouin spectra calculated and measured for ΔT ¼ 5, 10, 20, and 40 K. C T was found to be 1.11 MHz∕K for the LGF. As seen, there is excellent agreement between the measured and modeled BGS. As described, changing L 0 only serves to shift the position of the dip ("anomaly") in the spectrum; however, since the spectral breadth of the proof-of-concept LGF used in this study was only about 100 MHz, performing such an investigation would add little to the present analysis.
In summary, it has been shown that by heating (or, in theory, straining) a small segment of LGF (chirped fiber) at some position, a measurable change in the BGS can be realized. As such, in principle, the reverse process is then also possible, in that if a BGS of an LGF in an unknown environment is measured, comparing this to the unheated (unstrained) spectrum discloses the thermal (or strain) distribution. While the method used to measure the BGS in the present analysis is optimized neither for cost nor sensitivity and the available length of a fiber was limited, it provides for a reasonable proof-of-concept. Depending on the configuration, a considerable improvement in sensitivity can be achieved. This is described in more detail in Sec. 5.
Limitations to Scheme

Uniqueness of the Brillouin Gain Spectrum
For any known thermal or strain distribution along the LGF, the BGS can be calculated. This assumes that the unperturbed BGS for the fiber is known. However, more complex situations, such as the simultaneous presence of multiple, randomly distributed heating or strain events, pose a problem when a unique Brillouin spectrum from an LGF is needed to identify the locations of such multiple events. Although such a result may be difficult to achieve; in practice, it is possible that two or more unique perturbation (heating or strain) distributions influence the BGS in such a way that results in identical SBS spectra. This can introduce considerable uncertainty when the proposed sensing technique is used for applications where precise identification of the location of an "event" must be determined. This will be illustrated next through the presentation of a simple example.
Consider the case of two anomalous heating events occurring at time t ¼ t 0 but located at different positions along a single LGF (i.e., one at a lower and the other at a higher frequency spectral "position"), as shown in Fig. 7 (solid thick  line) . The reader is reminded that a spectral position on the unperturbed BGS corresponds to a unique position along the LGF. Continued heating for t > t 0 will cause the spectral perturbations to shift in frequency (along the direction of the black arrows) until the temperature reaches equilibrium or as heating continues. In such a case, the perturbation from the heating event at the lower frequency position along the LGF can eventually shift in frequency until it reaches the same position in the frequency domain as the second heating event. Thus, the spectral slice from the first heating event can shift and "fill-in" the hole representing the second heating event (as shown by the thick, dashed line). The resulting BGS may, then, have the appearance of being caused by a single, much hotter thermal event with a larger single shift in the BGS, rather than one resulting from two or more independent and weaker events. In such cases, therefore, multiple heating events may appear as fewer heating events, making it difficult to identify the location and the extent of the various perturbations.
Alternatively, the nonuniqueness of the BGS may introduce uncertainty in the actual temperature or strain distribution, even if the positions of the events are known. This can be the case if multiple identical events become spectrally nonsequential. For example, simultaneous, identical events may result from various amounts of temperature or strain. In which case, it is possible that some "hotter" or higher strain events may move past others within the frequency domain, making it difficult to associate the specific magnitude of an event with its location along the LGF. Referring to Fig. 8 (for the example of fiber heating), the example BGS clearly illustrates that at least two heating events have taken place; however, it is not clear which of the two is at the higher frequency.
Continuous Monitoring of the Brillouin Gain Spectrum
It is worth noting that the change in frequency due to the first event described in the first example above would need to be a singular value in order for the overlapped heating (or strain) events to render the BGS wholly ambiguous. For systems or applications where the possibility of only a few anomalous thermal or strain events exists, this scenario is unlikely. However, for a complex distribution where perturbations occur on a small length scale and are very close together, this becomes a more serious problem. Therefore, as mentioned in the Introduction, this type of sensing system is best suited for inexpensive and rapid sense alarms that look for significant "events" rather than small drifts in temperature or strain. However, in order to resolve the problem of identifying multiple identical overlapping heating events, the fiber BGS can be monitored continuously and compared Optical Engineeringwith those at previous times. This enables the observation and tracking of the perturbations within the SBS spectrum as they shift in frequency with time before they overlap. Referring back to Fig. 7 , with just a few measurements of the BGS just after time t ¼ t 0 , but on a time scale faster than that of the thermal perturbation, the location and positions of the perturbation become clear, despite the eventual overlapping spectra. Furthermore, the same is true of the example in Fig. 8 ; measurements of the BGS as a function of time can disclose which location along the fiber has undergone a more significant perturbation. A discussion of the rapidity, with which a measurement can be made, is provided in the next section.
Sensitivity Analysis
As previously described, the system may take on two distinct forms: (1) one that utilizes a coherent detection scheme (CDS), and (2) another that uses a pump-probe scheme (PPS). The goal of both systems is an accurate and a very sensitive determination of the BGS, from which can be derived the distribution of a fiber's environment. Both methods require the use of a narrow linewidth spectrally tunable source. For the CDS, this is the local oscillator (LO) and for the PPS this becomes the probe wavelength. The LGF possesses a Brillouin frequency that is lengthwise distributed and monotonic in its change. In principle, this means that each unique frequency component of the Brillouin spectrum maps exactly to a single point on the fiber. As such, the spectral width (Δν L ) of the laser of which frequency is swept through the BGS, therefore represents the absolute limiting spatial resolution for the frequency-domain system based on a LGF. Here, resolution is the uncertainty in the position determined for a single event. This limiting spatial resolution (Δl) can be written in terms of the sensor (fiber) length, L, and total breadth of frequency, B S , possessed by the BGS of the fiber (for a linear frequency distribution) as
For example, assuming a fiber length of 1 km, a Brillouin spectral breadth of 1 GHz along that fiber length, laser linewidths of 1 MHz and 100 kHz give rise to absolute minimum spatial resolutions of 1 m and 10 cm, respectively. Alternatively, for a fiber with a length of 10 m and all other parameters kept the same, the minimum spatial resolutions become 1 cm and 1 mm, respectively. Since the fiber may be designed to be application specific, LGFs are not necessarily limited to long- 11 or short-range 25 applications. While the un-chirped spectral width of an optical fiber may be on the order of a few tens of MHz, even a small change in temperature results in a measurable and calculable change in the BGS. However, the ability to measure these small changes in the BGS is limited by system noise. From them, it is possible to estimate the measurement (temperature or strain) resolution of a LGF-based system. In the following subsections, the noise sources relevant to each system are identified and listed, and noise variances (in units of Amperes squared, A 2 ) and SNRs are calculated and presented. The noise variances are converted into a measurement resolution in the following way: a total noise variance σ 2 total is calculated with the standard deviation clearly setting the minimum detectable change in the BGS, as outlined in Fig. 9 . The BGS is calculated for decreasing temperature or strain, and the point where ΔA∕2 (ΔA is the magnitude of change in the BGS from the unperturbed stated, as illustrated in Fig. 9 ) falls to σ total is considered to be the measurement limit.
Coherent Detection Scheme
An example of a possible CDS arrangement is shown in Fig. 10 . The pump signal passes through an optical circulator and into the sensor fiber through a second port. The generated Brillouin signal is backscattered and passes through the third port of the circulator to an optical amplifier that may possess a bandpass optical filter. This signal is then combined with a tunable local oscillator signal onto a receiver, with the resulting generated electrical signal being processed via electronics and software (not shown). Two electric field components are present at the detector. These are the LO and Brillouin (designated as "S") signals:
In Eqs. (7) and (8), P is the optical power. The time or lengthwise dependencies of the angular frequencies, ω, reflect the nature of the signals produced, that is, the local oscillator frequency will be swept, while the SBS signal has a frequency distribution that is fiber dependent. The determination of jE LO þ E S j 2 and the assumption of a detector responsivity, R (A∕W), gives rise to the following current signal that is produced by the system
In Eq. (9), although P s may not be polarized identically with P LO , it is assumed in the subsequent analysis that the polarization components can be treated independently (optically polarization split) and that the resulting electrical signals are added after the electrical mixing. 43 This is considered to be a reasonable first-order approximation given in the exploratory nature of this sensitivity analysis. In a homodyne system, a change in the direct current level is detected as ω LO ðtÞ is swept through ω SBS ðzÞ or when ω LO ðtÞ ¼ ω S ðz 1 Þ. Thus, the relevant detected homodyne signal, then, is 2R ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P LO P S p . Next, the noise variances (units of A 2 ) are identified and listed. The thermal noise is given by
where k is Boltzmann's constant (1.38 × 10 −23 J∕K), T is the absolute temperature (K), R is a noise equivalent receiver resistance (Ohms), and B N is the bandwidth of the receiver system (Hz). In the present system, since a BGS sweep may be 1 s or longer, the thermal and other noises can be considerably reduced if the receiver bandwidth is limited to less than about 10 kHz. Shot noise is contributed to by the presence of the LO and SBS signals, while the former usually is much larger than the latter. The SBS signal is the total integrated SBS power in the received signal (over the entire BGS). P S;total is distinct from P S in that the latter is the integrated SBS power over the LO spectrum. Shot noise, then, is given by
where e is the electron charge (1.6 × 10 −19 C). Other dominant noises include beat noises associated with the various optical signal components that are present. First, in a system that is optically amplified (as is the case with the CDS), amplified spontaneous emission (ASE) can beat with the LO and SBS signals and with itself. The noise variances are [44] [45] [46] 
where B O ð≫ B N Þ is the optical bandwidth of the ASE noise spectrum, N ASE (W∕Hz), which is assumed to be optically filtered with a passband of B o . Similarly, since there is also Brillouin spontaneous scattering, these beat noises may be presented as well. Similar to Eqs. (12) and (13), including an ASE-SBS term, these can be described as
where N S is the spectral power density (W∕Hz) of the generated Brillouin signal, and B S is the spectral breadth of the fiber BGS (units of Hz). For a uniformly distributed BGS, the Brillouin signal power is related to the power density and LO laser linewidth as P S ¼ N S Δν L . In Eq. (16), it is assumed that, most typically, B S ≪ B O . Seven noise sources have been identified, and other possible noise sources (such as laser relative intensity noise) can be rendered negligible through careful selection of system components. Fig. 9 Simulated noisy BGS measurement illustrating the standard deviation of the noise and ΔA. Noises are assumed to be Gaussian distributed. In order to calculate P S ð¼ Δν S N S Þ, the analysis found in Boyd et al. 47 was utilized where a Brillouin reflectivity, R B , was used to determine the total Brillouin signal density, N S ðN S ¼ PR B ∕B S Þ appearing at the receiver,
Relative signal
where I m is the modified Bessel function of order m and
and where P is the pump power launched into the fiber, A is the mode effective area (determined from the MFD), ν S is the frequency of the Stokes' signal (approximately equal to that of the pump signal), and Γ is the decay rate (Γ ¼ πB S ).The Brillouin frequency ν B was arbitrarily selected for convenience to be 11 GHz, and the remaining assumed values can be found in Table 1 . Since N S is small, it is anticipated that the optical preamplification will be applied via an EDFA and an optical power gain, G, of 30 dB is assumed available. Thus, in each of the relevant noise equations, the fiber-amplified value GN S is utilized. Finally, the total SNR of the system can be calculated using
where the summation is over the identified noise variances [Eqs. (10)- (16)]. Next, an example is presented to determine the relative strengths of each of these sources of noise. Table 1 lists the assumptions made for the example of a distributed temperature sensor. The optical bandwidth B O is assumed to be conditioned by a bandpass filter, such as a Bragg grating assembly, and the SBS bandwidth B S is assumed to be limited by the spectral extent of the fiber BGS, in this case, assumed to be 1 GHz linearly distributed over a fiber length, L, of 1000 m, such that the BGS is approximately uniform in shape.
Figures 11 and 12 display the logarithm of the calculated noise variance for each identified source (for B N ¼ 1 kHz) and the SNRs versus P for several B N , respectively. Both the thermal and shot noises are dominated by the other noises and can be neglected here. Inspection of Fig. 12 shows that there is a range of optimal P's where the SNR is maximized. This can be explained as follows. As the power increases, SNR increases as expected. However, since the second dominant noise source [SBS-SBS Eq. (14)] is dependent on N 2 S and P S on N S , at very large values of P, the SNR will begin to decrease as the inverse of N 1∕2 S . In order to estimate the sensitivity or thermal resolution in the context of the previous set of calculations, the method outlined in the beginning of this section is utilized. Strain is considered in the next paragraph. Assuming the resolution limit for the present case (Δν L L∕B S ¼ 1 m) and an SNR of around 100 (100 Hz B N case), a temperature resolution of about 10 K is obtained. While at first glance this may not seem very impressive, this system resolution is for a single BGS sweep that can be performed as quickly as 10 ms due to B N (and limited by the electronics and laser tuning speed). As such, if a measurement integration can be done such that the measurement of a thermal distribution is averaged over several seconds, the noises can be greatly diminished, and a considerable improvement in the sensitivity can be achieved. This, of course, will depend on system requirements, and therefore a detailed analysis is not provided here. As it stands, a single-sweep system could be implemented as a rapid-detection thermal alarm system for a structure. Finally, this subsection is concluded with a discussion of the strain. In principle, the measurement of strain rather than temperature is entirely feasible, and the entirety of the above noise analysis holds for that case. However, in the sensitivity analysis, the assumption is made that the Brillouin frequency shift increases at a rate of about 500 MHz∕% of strain. Thus, recalculating the strain sensitivity using the identical set of assumptions provided above, a minimum detectable applied strain is found to be about 0.02%. Again, this is the sensitivity in the lengthwise resolution limit in a single measurement sweep.
Pump-Probe Scheme
An example of a possible PPS arrangement is shown in Fig. 13 . The pump signal passes through an optical circulator and into the sensor fiber through a second port. A probe signal is launched into the far end of the sensor fiber and experiences gain due to SBS in the sensor fiber. The Brillouinamplified probe signal then passes through the third port of the circulator and into a receiver. The resulting generated electrical signal is processed via electronics and software (not shown).
In the case of the PPS, the measured signal is that of an amplified probe source that backpropagates through the sensor fiber in a direction opposite to that of the pump. Gain originates from SBS itself, and thus the need for optical amplification generally is deemed unnecessary. The amplified probe power at the receiver can be expressed as a function of the Brillouin gain provided in Eq. (19) and the input probe power (P probe ) as P 0 S ¼ P probe e G 0 . From a system perspective, an unamplified probe signal (outside of the Brillouin gain band) leads to an offset in the measured signal, much like a nonzero space (a zero in a binary system) in a lightwave communications system. As a result, meaningful information in the measured Brillouin-amplified signal is therefore the change in power, which gives rise to an electrical signal (current) having the form
Since an optical amplifier is not used, all but Eqs. (12), (13) , and (16) remain relevant to the PPS configuration. In moving to the PPS from the CDS, Eqs. (10) and (14) remain the same, while the optical power terms in Eqs. (11) and (15) are replaced by P 0 S [i.e., P LO þ P S → P 0 S and P LO → P 0 S in Eqs. (11) and (15), respectively] since P 0 S represents the total optical power at the receiver. The assumption is made that the Brillouin spontaneous scattering signal is unchanged with changes in the probe power (i.e., un-depleted pump approximation), which is reasonable at low probe power.
Utilizing a pump power of 100 mW, Figs. 11 and 12 are repeated for the PPS configuration as a function of probe power and are provided as Figs. 14 and 15 utilizing B N ¼ 1 kHz and identically all relevant quantities found in Table 1 . From the figures, it is clear that, at least in terms of the SNR (¼ i sig ∕ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P 4 m¼1 σ 2 m p ), the PPS is vastly superior to the CDS. This can be understood by considering that (1) the signal power in the PPS scheme is much larger than in the CDS scheme, (2) the spontaneous Brillouin scattering noise is not preamplified before entering the receiver, and (3) the gain term in Eq. (22) prevents the Brillouin spontaneous scattering noise from dominating the system at any pump power. The advantage of the CDS, however, over the PPS is that it is a true reflectometry system, whereas the PPS requires either a probe laser at the far end of the sensor fiber or some type of reflector (such as a coated end-facet or fiber Bragg grating) at the far end of the sensor fiber or a second fiber and loop through which one launches the probe signal. Any of these possibilities may be infeasible depending on the system or environment.
The SNRs utilizing other electrical filter bandwidths were not calculated due to the already large values. Using the results in Fig. 15 , and assuming an SNR above 10 3 can be achieved, the sensitivity of the system can be estimated utilizing the same method as above, giving rise to one that is below 0.5 K in a single frequency sweep of the probe laser. The lengthwise absolute resolution of the system in this case remains 1 m, as with the CDS example, limited by the probe laser spectral width. This suggests a highly sensitive and rapid measurement system is possible in the frequency domain utilizing LGF in a chirped fiber sensor configuration.
Conclusion
A new type of frequency domain, Brillouin-based distributed sensing system was proposed, outlined, and evaluated. The system utilizes a LGF, of which Brillouin frequency changes with position along the fiber, which then is an intrinsically "chirped fiber." Since each frequency on the Brillouin spectrum maps one-to-one to a position along the fiber, a change in the Brillouin spectrum at some frequency represents an environmental event at the same position along the fiber. As such, the distributions of temperature or strain will result in a measureable change in the whole BGS. Experimental measurements on an LGF with roughly 100 MHz acoustic frequency chirped distributed over 16.7 m demonstrated the potential of such a frequency-domain system. Uniformly heated were 1.1 and 1.7 m segments of this LGF, through which a model was shown to extremely well predict the measured BGS, rendering the BGS calculable for a known temperature/strain distribution. The segments were uniformly heated up to 40 K above ambient.
In a system, with knowledge of the unperturbed spectrum, the perturbed fiber spectrum gives rise to a lengthwise measurement of the temperature or strain. Since the system requires CW lasers and a BGS is measured in order to determine TðzÞ and εðzÞ, this can be classified as a frequency-domain distributed sensing system. Sensitivity analyses based on coherent detection and PPS were performed and showed that these systems have the potential to achieve very high SNR values with sub-1 K and submeter measurement accuracy in a single, extremely rapid scan of the BGS. Pump-probe methods seem to have a considerable advantage over their coherent counterparts.
The mathematical analysis presented here was limited to the case of distributed sensing of events that may trigger an alarm, such as a fire, intrusion, or leak. High spatial resolution with the ability to resolve two closely spaced simultaneous events will require LGFs with greater total frequency span, or larger values of C (MHz∕m). Furthermore, measurements were limited due to the relatively short available length of proof-of-concept fiber. As such, work is currently underway to increase the length of fibers and expanding the total breadth of the Brillouin spectrum, and results are forthcoming.
